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Gag Proteins

Robert J. Gorelick and Louis E. Henderson

AIDS Vaccine Program, PRI/DynCorp, National Cancer Institute,
Frederick Cancer Research and Development Center, Frederick, Maryland 21702

INTRODUCTION

All retroviruses utilize agag gene to encode a precursor polyprotein (Gag precursor) that is
initially incorporated in the budding particle and ultimately cleaved by a viral protease (encoded by
a pol gene) into structural proteins of the mature virus collectively referred to as Gag proteins (See
Figure 1 for biosynthesis of HIV-1 virion proteins). Gag precursors are self-associating proteins
capable of assembling into virion-like particles without the requirement of other viral factors. For
most members of the retrovirus family, including lentiviruses, assembly takes place on the cyto-
plasmic side of the cell membrane and nascent virion-like particles bud through the membrane into
extracellular space. During normal viral replication the self-associating Gag precursors selectively
bind viral RNA and package two plus strands of the genome inside the particle. They also form
associations with viral Env proteins such that the budding particle is encapsulated within a lipid
envelope containing viral Env proteins. All retroviruses express viral encoded enzymes froin a
gene as Gag-Pol fusion proteins and the self-associating properties of the Gag portion directs assem-
bly of the Gag-Pol fusion protein into the budding particle. Thus, the Gag precursor orchestrates
assembly of the nascent virion by forming the core structure and interacting with all other viral
components (RNA, Pol proteins, envelope lipid and Env proteins) to facilitate their incorporation
into the budding viral particle. The term “Gag precursor” was originally adopted to indicate that
the major antigenic protein (capsid antigen, CA; [1]) or “Group antigen” (Gag) was synthesized as
a precursor. The term does little to convey the important biological properties of the protein and a
more descriptive name such as “Assemblin” might be more appropriate.

HIV-1 GAG PRECURSOR (ASSEMBLIN)

HIV-1 gag genes are generally about 500 codons in length. Figure 2 is a composite diagram
indicating posttranslational modifications, proteolytic cleavages and sites for various interactions that
are known for the HIV-1 Gag precursor (Assemblin, Pf8h The upper panel in Figure 2 indicates
the posttranslationally modified form of the protein that participates in the assembly of the immature
virion particle. During or shortly after assembly, the viral protease (PR; product gfahgene) is
activated and the Gag precursor is cleaved (middle panel) into the proteins found in the mature virus
(lower panel). The Gag precursor is thought to be organized into domains that roughly correspond
to the final proteolytic cleavage products [matrix antigen (MA), capsid antigen (CA), nucleocapsid
(NC), and p6] that make up the core of the mature virus.

During or shortly after translation, the initiator Met residue is removed leaving Gly-2 as
the new N-terminal residue. Cellular myristoyltransferases catalyze the covalent attachment of a
myristoyl group [CH(CH,),,COO~] (Myr) to the amino group of Gly-2 via an amide bond and
cellular kinases phosphorylate at least two sites on the protein in the CA domain (one serine and
one threonine residue, but the exact sites have not been identified). The protein also binds two
zinc ions to form zinc-fingers in the NC domain. As indicated in Figure 2, these posttranslational
modifications carry through to the Gag proteins found in the mature virus. Thus MA is myristoylated
at the N-terminal end, CA is phosphorylated at two sites and the NC protein contains two zinc fingers.

The myristoyl group and the first 31 N-terminal amino acid residues of the MA domain are
necessary for targeting the Gag precursor to the cell membrane [2, 3]. The MA domain of the Gag
precursor has also been implicated in binding and assembly oériigene products into mature
virus [4, 5]. Presumably the interactions with thev gene products involve the cytoplasmic domain
of the transmembrane (TM) protein associating with the MA domain, however this has not been
directly demonstrated.
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The CA domain of the precursor appears to be involved in self-association or Gag/Gag inter-
actions [6]. These interactions have been narrowed down to amino acid resi@d8s430 (see
Figure 2, upper panel; [7, 8]). Located within the CA domain is a region called the major homology
region (MHR) which is required for efficient viral replication and particle production [9]. The MHR
includes residues 285-304 in the HIV-1 (IlIB) CA domain. Amino acid residues, Q&H1E,

296/, and 299R (in the sequence of IlIB) are completely conserved in the MHR region of all
primate lentiviruses.

A region between residues 178 an@00 in the CA domain of the Gag precursor has been
shown to bind Cyclophilin A [10]. Cyclophilin A is a peptidyl-prolyl cis-trans isomerase thought to
play a role in immune regulation and has been found in preparations of purified HIV-1 (Henderson,
unpublished). Other protein-protein interactions of the HIV-1 Gag precursor include interactions of
the p6 domain with the viral encoded Vpr protein [11, 12].

Gag protein-protein interactions also play a significant role in packaging the viral enzymes
encoded by theol gene. Thepol gene products are expressed as a Gag-Pol fusion protein which
results from synthesis initiating as for the Gag precursor and progressing igathéame to a
site just past the NC domain (Gag-Pol frameshift site, Figure 2) where a —1 ribosomal frameshift
event occurs followed by synthesis continuing in tha frame [13]. The resulting fusion protein
is referred to as the Gag-Pol precursor (Pr160Gag-Pol) and contains the Gag sequences required
for association with Gag precursors and incorporation into virion particles. The fusion protein is
ultimately cleaved by the activated viral PR to the mature Pol products (PR; reverse transcriptase,
RT; and integrase, IN) and the corresponding Gag proteins (MA, CA, p2, NC) and peptides derived
from thepol reading frame preceding the codon for the N-terminal residue of PR. The “transframe”
peptide isolated directly from whole virus [HIV-1 (MN)] has the sequeRL&EDLAF[14], where
the first two residuesHL) are encoded by thgag gene and correspond to the first two residues of
the p1 peptide (lower panel, Figure 2) and the remainder of the transframe peptide is encoded by
the pol gene.

In addition to the various protein-protein interactions involved in the assembly, the Gag pre-
cursor also binds and packages the viral genomic RNA. The NC domain of the Gag precursor is
directly involved in the nucleic acid binding properties of the protein. The NC domain (Figure
2, upper panel) is rich in basic residues (Lys and Arg) and contains two copies of a zinc binding
sequence [Cys(XLys(X),His(X),Cys] referred to as a retroviral CCHC zinc finger [see Figure 3;
15]. The basic residues confer a nucleic acid binding property to the domain and the CCHC zinc
fingers are involved in the specificity for the viral RNA [16—18]. Apparently, during viral assembly,
the NC domain of the Gag precursor specifically binds to a site near tedsof the genomic RNA
referred to as the Psi site. If either of the two zinc fingers in the NC domain are disrupted by site
directed mutagenesis, or the Psi sequence in the RNA is deleted, noninfectious particles are produced
with reduced levels of packaged viral genome [16—19]. Mutants with the first finger replaced by the
second finger also package reduced levels of viral RNA, but a mutant with the second finger replaced
by the first (i.e., NC domain with two identical copies of the first finger) packages normal levels of
viral RNA [20]. Thus, even though both zinc fingers are required for specific RNA packaging, they
are not functionally equivalent in this regard.

MATURE GAG PROTEINS

After the Gag precursor assembles into the immature virion, the activated viral protease cleaves
the protein into the mature Gag proteins found in the infectious virus (Figure 2). Basedvitro
analysis, the order of cleavage is as follows: p2/NQVA/CA = pl/p6 > CA/p2 > NC/pl. The
MA/CA and p1/p6 sites are cleaved approximately 12-fold slower and the CA/p2 cleavage proceeds
about 400-fold slower than the initial p2/NC cleavage [21-23]. Following proteolytic cleavage
(Figure 2) the mature Gag proteins rearrange to form the core structure of the mature infectious
virus. The mature MA protein remains associated with the inner side of the lipid envelope while
the CA protein forms the outer shell of the capsid structure which contains the NC protein bound
to the genomic RNA. During the infection process, RT and IN together with the MA protein, NC

-3
DEC 94



Gag Proteins

protein and the genomic RNA are taken into the cell as the “pre-integration complex” [24]. It has
been suggested that proviral DNA synthesis takes place within the pre-integration complex. The
mature MA protein plays a role in transport of the viral nucleoprotein complex into the nucleus for
integration of provirus into the host genome [24, 25]. The MA protein detected in the nucleus is
phosphorylated [26], whereas the MA protein in the virus is not. Thus, the phosphorylation of MA
occurs during or after the viral infectious event. Within the MA protein there is a nuclear localization
signal (NLS) [25] that is similar to other nuclear targeting sequences. The signal is located between
residues 14-36 and 107-116 of the HIV-1 p17 MA protein (see Figure 2) and mutants lacking the
signal accumulate proviral DNA in the cytoplasm. The NC protein may also play a role in the
infection process. Mutants of the NC protein which still package RNA but have alterations within
the zinc-finger structures have reduced infectivity [20] suggesting that a role is performed by the
NC protein which may be at the level of the preintegration complex. The NC protein has additional
functions in the virus life cycle. These include strong nucleic acid annealing and melting activities
[27, 28]. It has been suggested that the NC protein is involved in annealing of the primer tRNA to
the primer binding site of the viral genome. These activities may also have implications in strand
transfer reactions that occur after the first strong stop synthesis of the proviral DNA, to complete
synthesis of the provirus for subsequent integration. The NC protein has also been shown to catalyze
the formation of the genomic RNA dimer found in virion particles [29]. A recent report showed that
HIV-1 with a defective protease had an RNA dimer structure that was different from that found in
wild-type HIV-1 [30]. This indicates that dimer formation is probably catalyzed by the mature NC
protein and not by the Gag precursor.
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Figure 3. HIV-1,, Nucleocapsid (NC) Protein. The upper panel shows the amino acid sequence

of the NC protein and indicates the distribution of charged residues. Amino acid side chains that
coordinate with zinc ions are indicated as well as aromatic residues that are required for specific
RNA binding. The panel also lists fundamental molecular data for the protein. The lower panel is
a cartoon to indicate the zinc-finger structures formed by binding metal ions.
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HIV-1 Gag Consensus Sequences

CONSENSUS.A mGARaSvLsggkLDawekIrLRPgGkKKkYrIKHIvwAsreLerFaLnPslLeT?egcqqgimeQlgsalkTg?e 71
CONSENSUS.B e--r k---i V--g---ts---R--Ig---Ps-g--s- 73

CONSENSUS.C ------ j-r-mmnPmmeeee r--==-N-Mi-----n=enomeeev pg----s---k--ikg--P--Q--T- 72

CONSENSUS.D ? g----2---i f-l--G----s---k--ig---P-iqt-s- 71

CONSENSUS.F ? ??-g----s---rk-1g---pS-Q--S- 70

CONSENSUS.G ? ?--? e e ??---P?-Q--T- 66

CONSENSUS.H ? ? ?--?-----L-?l----P-----T- 67

CONSENSUS.O ---?----T-S------ e B ?-C--?----A--?E?LLQ--EP-----S? 64

CONSENSUS.A EIkSLfNtvatLyCvHqrldvkDtKeA..IdkiEei.qnkskgk..tqq...aaA??????72........Tg 120

CONSENSUS.B --f--y-----=---=-= €------- P E.-----k-.a--.??--ad............7% ? 123
CONSENSUS.C --r--2---------- ??--f-----..--e-E.---?2Q--??---..ak?-D..... 117
CONSENSUS.D e----?----------g--@--d----..-e-m--E.-----k-.?a--???-t-D.... . 120
CONSENSUS.F --r--?2---2V--f----VE?------ .- 2-L--E.----Q--..-=-...2--0.c.c.o e 115
CONSENSUS.G -?---?-??-?-?-?----?----k--..-eEV-Ka.-kn-Q--..---...22?-............. ?k- 104
CONSENSUS.H --Q----LL-?--------- P =2-22-2.--22Q22. - - T?D e K? 105
CONSENSUS.O ?-?2--W-AI?V-W---N-?2?1?--QQ-..IQ-LK-VM.?SR-SA..?AA... KE-............. -S 104
pl7 \ p24

CONSENSUS.A nss?????...kvSgNYPIVQNaQgQm?hQ?ISPrTLnAWVKviEekaFspEVIPMFsaLSEGATpQdLNmM 182
CONSENSUS.B ---......... g--------- nlg---V--ai vV S T- 187
CONSENSUS.C ...........-——-- y-----L----V--@j------o oo f--e?ip-ft-Isegat-g-Intm 177
CONSENSUS.D --......... Q L----V--ai I i t- 184
CONSENSUS.F ............. |----V--ai se T- 175
CONSENSUS.G Q- n-----v--pis V- t- 168
CONSENSUS.H ???2.........-°7 ?2V--Al V A- 164
CONSENSUS.O .?R......... Q?7?7------ P V--Al-mmmmeeee AV-----N--|----M------ 2?2Y-I-T- 161
CONSENSUS.A LNiVgGHQAAMQMLKdtINeEAAewDR?HPVhAgPippgQmMREPrGSDIAGtTStlgEqigwmT...sNPPiP 251
CONSENSUS.B --T e |--v-----a s 257
CONSENSUS.C Intv-ghgaamgmlk--in-eaa--drlhpv-a-pva--g--e----------------- a---...?----- 246
CONSENSUS.D --Tv---q E--n [--v-----A 253
CONSENSUS.F --T L--v? ? 243
CONSENSUS.G I|-T | I--pQ I-d 238
CONSENSUS.H --? ? A---.. 22 229
CONSENSUS.O --Al----G-L-V--EV-----?----T--P??--L----]-=-T---------- Q----?-T-..R??2?7?-- 224
CONSENSUS.A VGdIYkrwliLGLNKIVRMYSPVSILDirQgPKEPFrdYVdrFKiLRAeqAtQeVKnwMTeTLLVQNANPDC 324
CONSENSUS.B --e | t p----v---Y S------ m---l--g-a---- 330
CONSENSUS.C I D d 319
CONSENSUS.D -ge | r e Y s-d 326
CONSENSUS.F --e p g---D 316
CONSENSUS.G --e ?--?---D 309
CONSENSUS.H ? ? ?--?2---D 298
CONSENSUS.O ----- RK--V-----M-K ? Y P 295

p24 \\ 'V 'p2 V' p7
CONSENSUS.A KslLraLg?gAtLeEMMTacQgVggPgHKArVLAEAMSgvg??n...2?22IMmQrGnf.?Ggkr?iKCFNCGk 385
CONSENSUS.B -T--K---Pa------- t .t-..?sat .r-rkty------- 397
CONSENSUS.C -T P--s S ann--......-M---s-- . K-p--iv------- 384
CONSENSUS.D kt--K---P? S a?.t-..s-ta-m---g--.K-prKi-------- 392
CONSENSUS.F -T--K-I-P a---a..T-..?-a--m--ks-- K--R-iv------- 381
CONSENSUS.G -T--?---P ? A..SG..?A-A?---K??- K-P??-----?--- 366
CONSENSUS.H -?--?------ Sl ?---? ~T-.2-A-2---K--- K--R-?------- 356
CONSENSUS.O -Q--K?--P?------- Vomnaee- T---?7-----A?A-QDLKGGYTAVF----QN.P?R-G--------- 360

-9

DEC 94



Gag Proteins

pol cds ->
p7 V pl’ \V p6
CONSENSUS.A EGHIArNCrAPrkkGCwKCgkEGHQmMKACT.?e.rQANFIgkiwpSsKG.RPgNFpQsRp............. 441
CONSENSUS.B e--i-k k----k t.--? h--.-p---[----22222?2?2?2..2? 453
CONSENSUS.C --i--n ? §?-- -----L----eptap?????2??? 443
CONSENSUS.D ---i-k k----k h--.r----I 448
CONSENSUS.F e--i-kn r N--.r===-L--en, 437
CONSENSUS.G P ? P-m-H-- L2220 417
CONSENSUS.H ---?-----mmmmmeeees PP e R 406
CONSENSUS.O ---|-?2------- P Q-------- ?. NG’> ------- Y--PGGT.----YV-222..ccovne 410
V' (minor) \/ (minor) / p6 terminus (80%)
CONSENSUS.A .EPtAPpAE?f?gmgeeit.s?...?pkgegkd..??ke??ppl?SIKSLFGNDpLSQ 483
CONSENSUS.B ?------ ees-.rf---t-tPs???-qg---pi-....--1Y ?--as-rs---n--s-q 500
CONSENSUS.C ?e---p---S-.rF.--t-.Pa....----p--?2?--?---?--t5-K------- 482
CONSENSUS.D .------- eS-.-F-----.Ps....Q------ ??----ly.--as-k------- Is- 494
CONSENSUS.F .-------- S-.-F?----.PS....----- 474
CONSENSUS.G .--?-----8l.-f----2.?S....----Pr-.... 451
CONSENSUS.H .--------S-.-F---M-.P-....----2?-...2-..7 436
CONSENSUS.O .?-S---M-......-?VK.?Q....EN-?--G..--?-LY .-FA------- T-Q 443
HIV-2/SIV Gag Consensus Sequences
CONSENSUS.A MGArNSVLRGKKADELEKIRLRPgGKKKYrLKHiIVWAANeLDrFGLaESLLESKEGCQKIItVLdPIVPTGSE 73
CONSENSUS.B ----?---S---T-----V/-------- ?-2---22--V---d------?--@-----h----V-@--V----- 67
CONSENSUS.C e A T E 36
CONSENSUS.D --a-n---S--k m---v- en S--a 73
CONSENSUS.E R N----HR-----E--M----- 36
plé V p28
CONSENSUS.A NLKSLfNTVCVIWCIHAEEKVKDTEeAk?ivg.RHLVAETgTaEKMPntSRPTAPpSgkggNfPVQq?gG?NY 142
CONSENSUS.B ------- t----y-L--e@--------- K-A-.s--?v...dt--m-a-s?pt-p---..r-Y----vA-.-- 131
CONSENSUS.C ----- Y--T-----L---Q---H---RNEV-E.---A---KN-----A------- S--GR--Y----VA-.-- 107
CONSENSUS.D ----- Y--Cmmmmmmmnne h-----Q--- . -=--V-----@ P K=o - I 142
CONSENSUS.E ------- A---VY-L--AV---meeee KH--QH----GGK-T--L-PQ--------- G---Y----I-N.-- 108
CONSENSUS.A tHVPLSPrTLNAWVKLVEeKKFGAEVVPGFQALSEGCTPYDINQMLNCVGDHQAAMQIIREIINeeAAdWD?q 214
CONSENSUS.B v-I ae c e----mgi Q- 204
CONSENSUS.C V-H T L EH 180
CONSENSUS.D v-L i p t-y- e re | 215
CONSENSUS.E V-S E V- 181
CONSENSUS.A HPIP. GPLPAGQLRdPRGSDIAGTTSTVeEQIqWMprqNPvPVGnIYRRWQIGLQKCVRmYNPTN|LD|kQ 286
CONSENSUS.B --?-.--|----m-mmmmmmmeme e g----y-a-n p q 275
CONSENSUS.C --V-. Y-A L V-- 252
CONSENSUS.D -pQp??-q??----€-S--------- tvd------ y-Q---l------ e tn---v-- 284
CONSENSUS.E --RG..QP--QG----S---------- PA---E--Y-NP--|---D------- Lo V-- 252
CONSENSUS.A GPKEpFQSYVDRFYKSLRAEQTDpAVKNWMTQTLL°QnaNPDCKLVLKGLGmNPTLEEMLTaCQGvGGPgQKA 358
CONSENSUS.B S J-mmme 348
CONSENSUS.C -------- 260
CONSENSUS.D --------mmmmmmmmeees t--av-----g-I-1 g? g-----a 356
CONSENSUS.E ----S--- 260
p28 V p2 \V p8 pol cds ->
CONSENSUS.A RLMAEALKEam?PaPIPFAAAQQ....r?aikc WNCGKEGHSArQcrAPRRQGCWKCGK?GHIManCP?RQAG 423
CONSENSUS.B ---------- LT--pi----a-qkAGk-gTVT------ B e kqg----SK--E---- 420
CONSENSUS.D -------- e-lap?pl--a-a-q?Gp?-kp---w--g-e--s-----a---q------kmg-v--K-----a- 425
p8 V pl \V p6 \/ HIV2s only
CONSENSUS.A FLGIGpwWGKkpRNFPvag?pqGL.................. tPTAPP?DPavdLLEKYMQQG?rQRE.Q...R 471
CONSENSUS.B --------------- mt-v---vtPSAPPMnPAeGMTPIGA--S---A----EM-Ks--gm-rqqre????s- 489
CONSENSUS.D -----------| r---M---h---22222?2???.........-p--p-ed------ kn--ql-kg---2???sr 475
CONSENSUS.A eRPYKEVTEDILhIEqgetPhRe?tTEDLLHLNSLFGKDQ 510
CONSENSUS.B -====-....cvirirerrrrimmmmmmmmnns E-- 511
CONSENSUS.D -K--=-V......cocverrrren===- |--mmm ?-- 496
11-10

DEC 94



